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MWKRIALS  FOR  BBItfig  FLIOHf  ‘ 


Ibis  lecttirs  discusses  the  spectrun  of  thexwl  envlroruaents  aad 
functional  requireaents  for  mterials  used  in  space  vehicles. 

Two  nsjor  criteria  eaerse:  a)  a  desire  by  designers  to  operate 
nsterials  at  the  hii^est  permissible  temperature  and  b)  the 
necessity  to  mlniailse  the  structural  weight.  Future  possibilities 
in  aaterials  are  investigated  in  these  categories;  For  ssuciSBjm 
tesperatures  the  metals,,  carbon  and  carbides  are  studied,  'tdjille 
for  mlniaun  weight  reqid.rensnts  fibered  aaterials  -  for  tension 
elements  —  and  beryllium,  »  for  buckling  coaponents  —  are  dis. 
cussed.  (See  schematic  Fig.  1.)  Zi^;>rovcments  in  performance 
of  space  fli^t  vehicles  are  listed,  as  afforded  by  the  advanced 
aaterials  studied.  Iteplcs  for  research  In  each  material  area 
are  offered. 


mraoDocTioN 

Ihe  age  of  space  flight  will  demand  huge  advances  in  all  technological 
fields,  and  the  technology  of  construction  saaterials  for  space  vehicles  will 
have  to  undergo  Just  as  vast  Improvements  as  all  the  other  fields. 

It  is  teaqitlng  to  think  in  fairly  coaveatloaal  terms  of  the  building 
aaterials  of  which  vehicles  will  be  composed,  since  quite  pasfable  vehicles 
with  limited,  capabilities  could  be  designed  today,  using  present-day  aateri¬ 
als,  as  in  the  S]q[>lorer.  Birt  If  we  deliberately  look  beyond  today's  materi¬ 
als,  as  we  will  try  in  this  presentation,  and  if  we  speculate  uninhlbitedly 
in  futiuce  possibilities,  a  host  of  significant  iaprovements  may  be  uneovered. 
Indeed,  our  speculation,  a  touchy  business  at  bast,  did  reveal  that  aai:^ 
superior  materials  could  be  developed  with  a  little  laagtnatlcsi  and  a  lot  of 
vlllingnese  to  take  risks  in  aaterials  research. 

Some  generalisations  emerge  froai  the  multitude  of  requirements  that 
dcteimlne  the  choice  of  Materials  fbr  a  vehicle.  Ihe  thenisl  envlroaasnt 


THE  THERMAL  ENVIRONMENT 
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of  the  material  la  of  primary  consideration:  temperature  regimes,  teiiqpera> 
ture  histories  and  te«q«rature  gradients  influence  most  radically  the 
selection  of  mateirials.  In  the  low-tenQ>erature  regime  (as  for  exau^ie  for 
liquid  hydrogen  tanks)  fewer  unsolved  problems  exist  than  in  the  high 
tesperature  range  experienced  by  the  propxilslon  unit  and  in  the  reentry 
section.  In  the  ambient  temperature  region,  say  between  -100°F  and  aOO^, 
the  materials  experience  amassed  so  far  permits  reliable  designs  of  such 
structures  as  the  cabin,  sons  of  the  tanks  and  most  of  the  equipment  and 
controls . 

Furthermore,  within  each  regime,  materials  choice  is  affected  by  the 

time  of  exposure.  Steady>state  (constant)  heating,  as  in  the  poverplant, 

«■» 

Is  handled  by  very  different  materials  than  transient  (rapidly  changing) 
heating,  as  it  may  occur  in  the  reentry  structure.  Finally, the  tej^rature 
gradient  within  a  material  becomes  an  important  factor,  ^dien  the  steadily 
heated  structure  is  cooled  by  some  fluid. 

Once  the  thermal  environment  can  be  defined,  the  other  deslgs  criteria  - 
the  functional  requirements  —  tend  to  fall  into  two  broad  categories:  aa-* 
terials  permitting  the  mucimlsation  of  operating  tesperatures,  and  materials 
permitting  the  minimization  of  weight.  These  two  classes  of  construction 
materials  will  be  the  field  for  our  following  remarks,  though  overlapping 
and  of  a  simultaneous  nature. 

M^TERlAia  FOR  HIGH  TagKBATUHE 

Metals,  becaiuie  of  their  strength  and  ductility,  have  been  the  preferred 
materials  of  vehicle  construction  in  the  past.  Their  various  degrees  of 
ductility  permitted  ; reedoa  of  design,  a  certain  inherent  margin  of  safety 
and  ease  of  fsbrlcat  on.  For  contrast,  metallic  ccwpouhds  ~  such  as  metal 


n 
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caxbldea,  oxides,  nitrides,  etc.  —  hft.ve  asinly  su];>erior  strength  «t  hlg^r 
temperatures  aceosQienied  by  a  lack  of  ductility.  In  this  section  swtals  and 
coaqpounds  viU  be  separately  discussed,  as  veil  as  carbon,  a  aost  interesting 
aaterial  with  valuable  properties  Intenesdlate  between  those  of  aetals  and 
easqpounds. 

HetsOs 

Ihe  strength  of  a  polycrystalline  aetal  deteriorates  aost  rapidly 
around  its  recrystsllisatlon  teapeiature.  Furtheraore  this  recrystalllsuttion 
tenq^rature  (or  softening  temperature)  is  linearly  related  to  the  aelting 
point  as  shown  in  Fig.  2  (Ref.  1).  Intensive  aetallurgical  developaent 
and  the  appropriate  alloying  of  a  aetallic  elcaent  can  usually  accoaq>llsh  a 
rise  in  softening  temperature  with  a  slight  lowering  of  the  melting  point 
as  shown  in  the  shaded  area  in  Fig.  2.  In  a  few  instances  polycrystalline 
aetals  have  been  used  at  temperatures  even  higher  than  the  softening  tempera¬ 
ture,  within  a  few  hundred  degrees  of  their  aelting  point,  in. the  unstressed 
state. 

The  best  prospect  for  a  massive  metal  for  the  highest  temperature  is 
tungsten  (chealcal  syiabdl,  W)}  it  could  be  developed  to  withstand  stresses 
at  continuous  exposure  to  3000°F  end,  in  certain  forms,  much  higher.  There 
is  some  modest  aetallurgical  work  being  done  in  tungsten  alloying  or  addi¬ 
tives,  but  little  effort  exists  tsaward  the  alleviation  of  such  problems  with 
tiaigsten  as  oxidation  Resistance,  or  acquisition  of  the  unusuadly  hi^-poWer 
equipment  required  for  tungsten  research. 

Nature  benignly  bestowed  upon  ua  a  low  cross-section  isotope  of  tungsten, 

l8lf 

W  ,  in  case  we  wish  to  use  this  metal  where  neutron  absorption  Is  not  de¬ 
sired.  For  fidditionai  good  measure  this  isotope,  (neutron  absorption  cross- 
section:  2  bams)  is  also  the  most  plentiful  of  the  multitude  of  tungsten 


y 


9»iim 

7-1-^ 

isotopes,  coo^rislng  30  per  cent  of  its  natural  occurrence. 

Carbon 

Books  could  be  written  about  the  anooalies  of  carbon  (Ref.  2).  It  will 
suffice  to  say  that  its  basic  nature  is  tliat  of  a  non-metal,  still  displaying 
a  tantaliziogly  small  degree  of  ductility.  Its  very  low  density  (0.06  lh/±n^ 
against  tungsten's  0.7  Ib/in^),  cannot  be  related  to  its  high  melting  point 
(6700°F  against  tungsten's  6170°F).  Just  to  be  different,  its  strength  and 
modulus  increase  with  temperatui^  up  to  its  recrystallization  temperatiire 
of  t500®F  (see  Fig.  3)j  end,  in  this  vein  of  coojwratlveness,  it  displays 
a  very  low  neutron  absorption  cross  section. 

A  high  specific  heat  coniblsad  with  a  hi^  heat  conductivity,  in  addi¬ 
tion  to  the  above  properties,  makes  carbon  an  attractive  material  for 
transient  heating  conditions  —  as  a  heat  sink.  A  recent  study  by  the  NACA 
concluded  that  a  reentry  nose  cone  of  carbon  should  wei^  slightly  less  than 
one  made  of  beryllium,  and  both  the  beryllium  and  carbon  cones  would  wei^ 
one-sixth  as  much  as  one  made ’of  copper,  the  next  nearest  coi)q>etltive  ma¬ 
terial. 

But  let  us  not  overlook  the  fact  that  possible  structural  uses  of  carbon 
are  severely  restricted  by  its  present-day  low  ductility,  and  imless  this 
ductility  can  be  raised  considerably,  it  will  be  very  difficult  to  put  carbon 
to  any  extensive  or  ssossive  application.  A  possible  solution  to  this  problem 
may  be  the  development  of  composite  materials:  combinations  of  filaments  or 
films  surrounded  by  a  ductile  matrix  probably  metallic.  Such  an  arrangement 
mi^t  retain  most  of  the  favorable  strength-at-ten^jerature  characteristics 
of  carbon  and  significantly  in5>rove  its  available  ductility. 

Another  noteworthy. possibility  with  carbon  has  been  the  growth  of  fine 
filamentary  crystals  (commonly  called  "whiskers")  and  of  thin  filraB  of  carbon, 


exhibiting  tenalle  strength*  several  times  higher  than  those  of  bulk  graphite 
These  "whisker#**  we^y  hold  the  key  to  a  vast  enhsuicement  in  the  strength  of 
graphite . 

A  disadvantage  of  carbon  is  the  way  in  which  it  reacts  with  oxygen  and 

'  f 

hydrogen.  But  success  in  solving  these  problems  seems  possible  with  surface 
coating#  or  impregnation,  in  which  case  carbon  would  find  notable  appli¬ 
cations  when  exposed  to  high  tea^peraturc  gas  flow#,  as  in  the  leeiding 
portions  of  a  reentering  body  or  in  a  rocket  norzle  or  vane. 

Conpound# 

Carbides  of  metals  tend  to  have  higher  melting  points  than  the  oxides, 
borides,  or  nitrides  (Table  1).  Hafnixaa  and  tantalum  carbides  have  the 
highest  melting  i>oint  of  any  known  aubstance,  above  TOOO'^,  but  also  have 
#uch  vmdesirable  properties  as  high  density  aM  large  neutron  absorption 
cross  section.  On  the  other  hand  zirconium  carbide  and  colvuabium  carbide 
have  half  the  density  and  one-hundredth  of  the  absorption  cross  section  of 
HfC  and  TaC,  but  also  have  a  lower  melting  point,  around  61*00°?. 

Ceramics,  such  a#  the  carbide#  and  oxides,  do  not  exhibit  any  plastic 
deformation  vdiea  stressed  at  the  rates  encountered  in  structural  practice. 
After  meticuloua  surface  preparation,  and  at  extreiaely  low  stress  rates. 
Professor  Earl  R.  Parker  of  the  University  of  California  has  induced  plAStic 
flow  in  magnesia  (M^),  but  only  in  fresh-cut  crystals  and  only  in  one  ori¬ 
entation.  However  faint  this  gliimaer  of  hope  for  develi^lng  "ductile 
ceramics,"  it  still  remains  an  attractive  field  of  investigation,  since 
brittleness  1#  the  only  major,  and  so  far  unsuraountable,  obstacle  to  the 
widespread  use  of  ceramics  as  structural  coB5>onents  in  powerplants. 

The  technique  of  prestressed  ceramics  (Ref.  3)  Is  being  investigated  as 
a  means  of  clrcunventlng  the  brittleness  problem;  it  is  a  procedure  that 
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exploits  the  invariably  high  compressive  strength  of  most  ceramics.  The 
material  would  be  permanently  compreased  by  me.  ns  of  hi^ly  stretched 
metallic  wires,  and  the  structure  built  up  of  such  prestressed  materials 
would  be  so  proportioned  that  tensile  stresses  from  loads  would  never  ex¬ 
ceed  the  locked-ln  compression,  thus  Insuring  at  all  tines  that  the  meterl- 
al  is  in  ccapression.  The  analogous  technique  of  prestressed  concrete  has 
been  very  successful  In  civil  engineering  structures. 

Another  alternative  is  the  technique  of  composite  Materials,  that 
suggests  itself  again  regarding  this  brittleness  problem.  Brittle  glass,  in 
brittle  glass  fiber  form,  makes  up  a  reasonably  ductile  composite  when 
iaqpregnated  in  plastics:  analogously  fibers  of  carbides  imbedded  in  a 
matrix  of  sone  refractory  taetal  might  result  in  a  usable  material. 

It  is  interesting  to  see  what  the  tenq)erature  limitation  might  be  for 
such  materials  ceramics,  if'  the  problem  of  brittleness  could  be  solved  in 
8c«se  manner.  Ibe  relation  between  melting  point  and  softening  temperature 
for  the  carbides  (Fig.  4)  is  sufficiently  reliable  to  Indicate  some  upper 
limit  around  5000°F  -  not  much  beyond  carbon's  potentiality. 

Even  if  these  future  ceramics  were  to  be  much  stronger  than  carbon,  we 
should  not  forget  that  they  are  also  far  denser,  so  that  in  a  structural 
comparison  with  carbon  there  emerge  no  distinct  advantages  to  the  use  of 
ceramics.  For  example^  the  theoretical  ratios  of  carbon  and  the 

best  carbides  differ  by  very  little  at  U500°F,  probably  not  enou^  to 
warrant  an  Intensive  effort  in  carbide  research,  especially  if  it  were  at 
the  expense  of  research  in  carbon. 

THE  MIlfIMIZATION  OF  STRUCTURAL  WEIGHT 

The  urgency  for  mini  aizlng  the  weight  of  flight  vehicles  has  been 
proportional  with  the  difficulty  of  the  task  Inposed  upon  these  vehicles. 


softening  temperoture 
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Fig.  4 —  Softening  versus  melting  point  temperatures 
for  corbon  ond  carbides 
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By  now,  It  is  a  platitude  in  aatronautical  circles  to  talk  of  reducing  to 
an  irreducible  minimum  the  weight  of  such  items  as  the  tanks,  cabins, 
powerplants,  equipment,  controls,  coolants,  etc.  With  such  a  pressing  de¬ 
mand,  a  demand  that  has  been  with  us  now  for  decades  of  flight,  one  would 
believe  at  first  that  moat  possibilities  for  radical  improvement  in  struc¬ 
tural  materials  for  minimum  weight  design  have  been  exhausted.  This  section 
will  attempt  to  show  that  such  is  not  the  case;  on  the  contrary,  there  still 
lie  ahead  of  us  good  potentialities,  a#  yet  untapped,  for  greatly  reducing 
weight  down  to  fractions  of  present  designs. 

The  section  will  be  arranged  along  the  two  major  classifications  of 
loading  conditions  encountered  in  astronautical  vehicles,  namely  componenta 
designetl  by  tension  criteria  and  components  designed  by  compression  buckling 
criteria,  k  third  category  will  also  be  mentioned,  namely  con^ionents  de- 
sigtjed  primarily  by  other  criteria  than  loads.  The  proportions  of  structural 
weight  of  space  vehicles  in  each  of  these  categories  is  probably  such  that 
the.  predominant  portion  of  structural  weight  will  be  designed  by  tension 
criteria,  and  the  small  remainder  is  divided  between  components  designed  by 
buckling  and  by  other  non- load  criteria. 

Tension  Coaq>onents 

The  ultimate  goal  in  the  improvement  of  structural  materials  has  been 
the  achievement  of  the  tensile  strength  available  from  atomic  cohesion.  To 
this  day  the  highest  strer^hs  developed  by  metallurgical  means  is  still  a 
small  fraction  of  the  strength  theoretically  obtainable  from  the  flawless 
cohesion  of  atoas  in  a  metal.  But  the  goal  of  materials  as  strong  as  the 
bond  between  atoms  is  not  an  idle  dream:  today,  in  a  few  laboratory  experi¬ 
ments,  fine  crystal  fi  aments  —  "whiskers"  —  have  been  grown,  demonstrating 
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phenofflenal  strengtha,  in  Bome  inatancea  approaching  the  tlieoretical  limit 
of  atomic  coheaion  {Ref. 

It  la  fr-uitful  to  speculate  on  hov  to  utilize  "whlakera"  for  struc¬ 
tural  purposes!  we  .believe  tliat  the  idea  should  be  entertained,  with 
interesting  posaibilitlea  all  the  way  from  the  production,  analysis  and 
economics,  to  spelling  out  a  "vdilaker"  reaeax'ch  program  (Ref.  5)* 

Production.  First,  no  unaolvable  problems  presented  themselves  for 
growing  substantial  quantities  of  whiskers,  and  for  lining  them  up  and 
harveating  them.  Hext,  these  ^dilskers  could  presumably  be  woven  into  cables 
or  sheets  Just  as  with  textile  fibers  or  with  fiberglass.  Finally  we 
envisage  at  least  two  possibilities  for  binding  together  these  whiskers, 
namely  plastic  matrix  in^jragnatlon  (as  with  fiberglass)  or  by  pressing  and 
sintering  as  in  powder  metallurgy. 

Having  postulated  some  hypothetical  production  means,  It  is  revealing 
to  try  predicting  the  properties  of  whisker  structural  materials. 

Properties  of  whiskers  and  of  materials  made  from  vfaiskers.  The  high 
strength  of  whiskers  is  due  to  the  phenomenon  of  strength  increase  in  a 
crystal  as  its  dimensions  decrease.  It  is  only  in  the  last  few  years  that 
this  strengthening  was  demonstrated  to  continue  at  a  steeper  rate  as  crystal 
sizes  are  reduced,  say,  beyond  one-ten  thousandth  of  an  inch  (Fig.  5). 

The  ultimate  goal  of  finding  whisker  strength  near  the  atomic  cohesion  level 
was  achieved  only  in  the  past  two  yesn's. 

This  tremendous  strengthening  effect  is  quite  genei-al  in  materials, 
applying  to  whiskers  of  netals,  carbon,  oxides,  carbides,  etc.  Theoretical 
explanations  have  been  na.de  for  the  strengthening  phenomenon  ,  and 

it  now  appears  that  it  is  due  to  the  unusually  low  incidence  of  dislocations 
and  high  surface  tension  forces  that  must  probably  occur  within  the  limited 


Tensile  strength  ,  millions  of  psi 


2h 


Iron  whisker  width, microns 
(1  micron  =  0,0000394  inch) 


Fig. 5“  The  strength  of  pure  iron  whiskers 
os  a  function  of  their  width 

c 


p-i4ao 

7-1-58 

15 


Biaall  width  of  the  whiskers.  Theories  are  also  available  predicting  what 
strength  of  atomic  cohesion  would  result  from  a  perfect  crystal  lattice  - 
that  is  the  strength  limit  of  an  Ideally  "perfect”  material  as  approximated 
by  the  situation  in  whiskers:  the  ultimate  tensile  stresa  should  be  between 
one- tenth  auid  one-fortieth  of  the  modulus  of  elasticity. 

The  reported  best  strengths  of  whiskers  (Table  2)  show  that  indeed 
the  ultimate  stress  is  of  the  order  that  theory  predicts  fpr  a  "perfect" 
material. 

Table  2 


TES8ILE  STREMQTH  OF  THE  STRONGEST  WHISKERS 


Material 

Modulus  of 
elasticity,  pel 

Ultimate  tensile  ^ 
stress,  psl 

stress 

modulus  * 

Silicon  t 

1 

23,000,000 

550,000 

1 

Carbon  ; 

1,000,000 

88,000 

1 

TI 

Iron 

29,000,000 

1,900,000 

1 

15 

Silver 

11,000,000 

240,000 

1 

Copper 

18,000,000 

430,000 

1 

Quartz 

11,000,000 

600,000 

1 

TS 

Zinc 

15,000,000 

320,000 

1 

TTT 

Cadmium 

10,000,000 

j  130,000  . 

1 

77 

Sapphire 

74,000,000 

1,700,000  j 

1 

It  1.  cu.to«^  to  ua.  tt.  rttlo  SS  .troogU. 

X^arlng  weights  of  tension  structures  wj5js  of  vsn^lous  materials.  Ifov^  since 
the  ultimate  strength  of  the  best  'idiiskers  Is  sotae  fraction  of  their  modulus^, 
the  criterion  for  choosing  among  the  multitude  of  possible  whisker  zaaterials 
is  the  minialwition  of  their  ratio.  This  ratio,  listed  among  other 

data  In  Table  3,  and  coobined  with  the  previously  noted  data  on  softening 


when  com- 
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Point 
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3 
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2 
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1* 

Bo 
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Ui 
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S 

B 

Boron 
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SO 

1.66 

b200 

6 

c 
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.060 

1-2 

30 

67<K> 

12 

B( 
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.066 

6.5 

10.2 

1200 

13 

&1 
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.100 

10.6 

901 

1200 

Hi 

Si 
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3.6 

2600 

20 

Co 
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3.5 

16 
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22 

T1 
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.170 

16.7 
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23 

V 

7anadiuA 

.217 

9.0 

3150 

2U 

Cr 

Chrooaua 

.260 

Ii$ 

5.6 

3b00 

25 

Ka 

Honconaao 

.268 

23 

11 

2300 

26 

ro 

Iron 

.283 

29 

9.8 

2800 

27 

Co 

Cobolt 

.327 

32 

10.2 

2700 

28 

Ml 

Hiokal 

.322 

31 

10.b 

2650 

29 

Co 
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.32{» 

18.5 

17.5 
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30 

2Q 
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15 

17.2 
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33 

At 
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tempemtures  (Figs.  2  and  U)  yialded  a  comparison  among  all  the  posaihle 
materials  aM  teBQ>erature8 .  This  conq?ariaoiv  shown  graphically  in  Fig.  6, 
shows  the  hypothetical  relative  weight  of  eqml-strength  whiskers  of  v&rioiis 
matei'lals  at  various  temperatures,  for  the  leaat-wei^t  (most  efficient)  ma¬ 
terials,  using  a  beryllium  whisker  as  a  unit-weight  standard,  since  it  happens 
to  be  the  llj^test  of  all,  at  ambient  tesqieratiure . 

Knowing  which  are  the  most  desirable  materials  (the  ones  shown  in  Fig. 

C),  it  is  possible  to  calculate  the  structural  properties  of  hypothetical 
whisker  materials.  These  properties  have  been  listed  in  ISible  as  calcu¬ 

lated  for  70°P  on  the  basis  of  beryllium  whiskers  and  some  reasonable 
assumptions  at  to  matrix-whisker  conposltlons,  strain  limitations  and  future 
production  techniques. 

Table  k 

STRUCrrUBAL  PH0PERTIB8  OF  WHISK5R  MdT3BRIilIS 


Property 

Whisker  Material  made  into 
Cables  Sheets 

Gonventlonal  metal 
Titanium 

Density,  Ib/ln^ 

0.07 

0.07 

0.164 

Ultimate  tensile 
stress,  psi 

1,000,000 

500,000 

100,000 

Modxilus  of 
elasticity,  psi 

35,000,000 

26,000,000 

16,000,000 

There  are  two  other  possibilities  of  inq^roveacnt  derivable  from 
"whiskers" i  One  is  that  their  softening  tenqperatures  are  far  higher  than 
for  the  polycrystalline  fora  shown  in  Pig.  2,  possibly  not  too  far  away 
from  their  melting  point.  The  other  possibility  is  that  if  it  could  be 
possible  to  control  crystal  axis  orientation  as  the  whisker  is  grown,  then 
a  material  with  considerably  larger  oiodulus  and  sti'ehgth  than  shown  in 
Table  4  mli^t  resuit. 


elotive  weight 
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CooorlBon  of  teiwlon  ccagoaeat*:  vhlrtcers  v«  convcntloafel  mtcrlnla. 

In  conparlng  veldts  of  typical  atruetural  eo^poaants  wiULe  frau  various  nai- 
teriala,  basic  aatarial  properties  such  »3  from  ®eble  should  he  coaibined 
with  any  other  feature  peculiar  to  any  one  material. .  For  Visiter  materials, 
we  believe  that  a  distinguishing  feature  will  bs  the  problem  of  fastening 
these  hyper-strong  sheets  and  rods  to  Uie  adjacent  structural  coc^nents. 
These  pai^lcularly  intricate  doublers  and  fasteners  penalize  whisker  laa- 
terlals  to  a  great  extent:  whereas  at  first  one  would  have  ventured  to  pre¬ 
dict  (from  Table  4)  that  whisker  materials  seem  to  be  showing  a  ten-  to 
twenty-fold  Improvement  over' the  present  state-of-ax*t,  now  —  with  'the 
fastener  penalty  —  'wel^t  reductions  by  a  factor  of  only  4  to  10  seem 
possible.  Considering  s  -variety  of  applications  for  whisker' materials,  as 
lis-ted  in  Table  5#  it  may  be  concluded  that,  in  general,  tensional  struc¬ 
tural  veli^t  could  be  cut  down  by  a  factor  of  5  vith  whisker  materials. 


Table  5 

wBioar  REDuenows  is  tsssioh  structurks 

AFFOISID'  BT  WHISKSR  mTSPJAlS 


Ccoqioneat 


structural  wsl^t-conventlonal 
sViiX'€u^  '^TfewEisKer 


Cables  and  rods  * 

1 

10  to  23 

Removable  pistes  and  shests 

about  4 

Pressure  -vessels,  tanks 

.  up  to  8 

Miscellaneous : 

Poroiw  sheet  transpiration  cooling 
Prestressing  cables  for  ceramics. 

10 

carbon 

3 

Replacement  for  -woven  cloth 

4 

Rocket  motor  cases,  exhaxist  cones 

1  5 

Tubing,  ducts,  cabin  walls 

8 

Centrifugally  tensi oned  compooents 

4 

eonclusloB  —  that  large  order  wel|^t  raduction*  are  atiU  possible 
ia  th«  future  •>  should  be  rery  eneouragiag  to  astrooautleal  Investigators. 
Buckling  Cowpopents 

Although  structxural  coeq^aeats  designed  by  buckling  criteria  vill  com¬ 
prise  a  Binor  portion  of  a  space  vehicle,  aueh  is  to  be  gained  even  in  this 
field  (and  even  in  tension  strvutiires)  ^dwn  conaidarlng  berylliua  as  a 
structural  mterlal.  For  three  years  now,  ve  have  aonitored  the  history  of 
this  unxisual  swtal,  and  this  section  will  suaaarlae  scsm  of  our  findings  d) 


{ 


Why  berylliuMt  In  ccsqparing  the  weight  of  structures  made  up  of  thin- 
valled  conponents,  designed  by  elastic  btiokling  criteria,  a  good  first 
approxlaatlon  to  their  relative  wei^^t,  when  aside  of  various  aatalUc  ela- 
swnts,  can  result  from  cot^ldering  the  ratio 


Density  of  elaaent  _  |  Modulus  of  al^sainun 


Density  of  alualn^  'Nj  Modulus  of  eleaa^ 

Alusslnim  Is  here  the  basis  of  coe^arison  of  the  Metals,  an  aluolmia 
c<wqpressloa  structure  being  considered  as  weljpiing  unity  at  70®F.  The  data 
from  Table  3  can  then  be  used,  resulting  in  the  coegiarison  of  wstallic 
eleMents  shown  in  Fig.  ?•  It  i*  significant  that  there  Is  a  tendency  for 
the  lower-nusibered  eleMents  to  result  in  lighter  structures,  and  of  these 
beryllluM  gives  the  lightest  structure  of  all. 

The  properties  of  berylliuM.  Hie  table  below  suMsarises  the  BMChanlcal 
properties  of  berylliua. 


( 


•Pb 


Relative  weights  of  thin-wolled  structures  mode 
of  various  metals-,  room  temperature 


h>iMm 


ftLble 


6 


rsoresecas  or  bpylltom 


Density 

Modulxts  of  elasticity,  ^0^ 

6oO°F 


Tensile  yield  70°r 

streoi^h  600°F 

Tensile  ultiaate  70°P 

strength  600°r 


Slongstion  under  70^ 

uniaxial  stress  400^ 

800^ 

iaoo°F 


0.066  Ib/in.^ 

X  10^  psl 
43  X  10  psi 

best  lab  95,000  aiU 

product:  6^,000  product: 


120,000 

80,000 


&%  -  lOI, 
l6?t  -  34lt 
loiS  -  I4i6 


50,000  psi 
40,000  psi 

60,000  psl 
50,000  psi 


A  ccedbiiuition  of  high  thensal  conductivity  and  specific  heat  ashes 
beryllivua  very  attractive  in  transient  heating  conditions.  Corrosion,  oxida¬ 
tion  and  erosion  resistance  are  good  vcp  to  1200  -  1400*V. 

At  present  beryllium  ingot  costs  about  ^40  per  pouiod,  vhile  sheets  osy 
run  three  to  five  times  hi|^r.  BeryUlum  and  its  coapoiuads  are  highly 
poisonous  in  the  powder  fora,  though  nueh  lass  dangerous  when  in  solid 
shapes. 

Conpsrlson  of  berylllun  and  conventional  materials.  An  eujcurate  com- 
pazdson  of  materials  when  used  in  thin-walled  structures  In  coopresslon, 

I 

utilizing  the  coa^lete  stress-strain  diagrsa  of  metals  at  various  ten^ra- 
tures,  is  shown  in  Fig.  8,  and  shows  ths  relative  merit  of  beryllium  and 
SOBS!  ocmventional  astals  when  used  as  compression  sandwich  panels.  Beryl¬ 
lium  affords  s  reduction  in  weight  from  20  to  50  per  cent  up  to  tei^peratures 
of  1000°F. 

When  considering  te£.iSion  cooqKDUeats,  beryllium  still  looks  very 
attractive:  weight  reduvitions,  between  25  snd  50  per  cent  are  possible  over 


— —  Relative  weight  of  structural  components  of 
various  materials  at  various  temperatures 
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a  wide  tewpemture  range,  and  the  curwes  of  Fig.  8  can  again  be  used  as 
a  first  approxijnatioa. 

It  ahoruM  be  cautioned  that,  Just  as  with  carbon  and  with  ceraalca,  the 
ductility  la  a  aajor  problea  yet  to  be  alleviated  in  beryllium.  As  with  aJil 
these  other  brittle  materials,  many  of  their  potential  advantages  cannot  be 
exploited,  unless  a  clear  solution  can  be  had  on  the  ductility  problem. 
Components  Bfot  Designed  By  Loada 

'  Little  can  be  ^neralized  about  the  small  fraction  of  the  structure  of 
a  space  vehicle  that  will  be  designed  primarily  by  other  criteria  besides 
loads  to  be  transmitted.  In  each  Instance  aitd  for  each  specific  requirement, 
there  are  materials  today  that  can  function  passably  veil.  And  in  all  these 
instances,  seme  investigation  can  desnostrate  that  sixable  isqprovemsnts  could 
be  made  in  the  future. 

As  an  exaBq;>Ie,  let  ua  say  that  our  design  criterion  in  am  artificial 
asteroid  is  the  maxinixatlon  of  Its  visibility  and  observability  from  earth. 
Today's  methods  of  producing  large>area  llght>wel^t  plastic  films  can  result 
in  resx>ectably  visible  ssteroids.  We  believe  that  the  visibility  could  be 
quauiruplad  with  a  few  month's  development  of  unusually  thin  films  and  exotic 
shapes. 

Similar  ststeasats  cam  be  made  about  poaslblllties  of  greatly  enhanced 
materials  for  speclalited  applications  such  as  transparency  requireamuts, 
erosion  and  corrosion  coatidgs,  heat-transfer  media,  etc. 

D18CUBSI0W:  IMPKWSKPraB  POBSIBIjE  WITH  APYAUCSD  MdlgRIAIE 

Having  quickly  s'jrveyed  a  few  of  the  future  possibilities  in  materials, 
it  might  be  worthwhile  to  evaluate  each  of  these  possibilities  in  the  li^t 


p-i^ao 

7-1-58 

25 

of  vhat  performoce  inprovenents  they  afford.  The  li»t  i»  by  neceeslty  con- 
denaed  from  excerpt*  from  a  variety  of  studies,  and  substantiation  of  the 
figures  ml^t  be  sketchy.  Still,  soae  indication  a*  to  the  worth  and  value 
of  these  future  materials  is  oeeded. 

Tungwten  and  A  teoqperature  increnent  of  500®?  to  1000®F  (over 

molybdanun)  appears  possible  with  tungaten>bullt  nuclear  rocket  motors. 

This  alone  can  result  in  an  increase  in  ii^pulse  of  10  to  20  per  cent. 

Carbon.  If  carbon  structural  shapes  could  be  made  to  take  tension, 
either  by  fibering,  prestressing  or  any  other  technique,  operating  tempera¬ 
tures  co^lld  be  raised  further  in  the  heat  exchanger  of  nuclear  rocket 
engines.  An  increment  of  500®  to  1500®F  (over  represents  another 

potential  impulse  increase  OTer  tixngsten. 

Carbides,  If  somehow  a  carbide  could  be  developed  from  which  to  build 
critical  conponents  in  an  engine  that  operates  at  5000  to  6000®F,  this 
achievement  might  raise  the  it^pulse  an  additional  small  percentage  over  that 
of  a  carbon-built  one. 

Whiakers.  If  one  can  hypothesize  the  availability  of  whisker  materials 

r 

that  can  reduce  the  weight  of  tension  atructures  weight  to  ^  of  their  usual 
wei^t,  then  it  has  been  estimated  that  the  payload  in  a  particular  type  of 
space  vehicle  mi^t  be  doubled,  all  other  parameters  being  left  unclriBnged. 

Beryllium.  If  metallurgical  research  coiild  produce  beryllium  alloys 
with  sufficient  ductility,  it  appears  that  structural  weight  mi^t  be  re¬ 
duced  by  20  to  50  per  cent  below  today's  capability.  In  space  vehicles  a 
definite  Increase  in  possible  payload  would  be  the  result  of  the  usage  of 
hypothetically  ductile  tK-ryllium. 

Finally  it  should  b-j  emphasised  that  nrach  research  is  needed  on  all 
these  metals  and  conpou&is  If  their  structural  potentials  are  to  be  realized. 
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